The influence of glucose concentration on Cd, Cu, Hg, and Zn toxicity to a Klebsiella sp. was studied by following the degradation of 14C-labeled glucose at pH 6.0. Uptake of '4C into the cells was also determined.
Human activities, such as mining operations and discharge of industrial, municipal, and sewage wastes, have resulted in an accumulation of metals in the environment. Since microorganisms are key components in the biogeochemical cycles and are responsible for the decomposition of organic matter, the toxicity of metals to microorganisms has received much attention in recent years. Microbial resistance mechanisms and environmental factors that influence the toxicity of metals have been studied extensively. Babich and Stotzky (1-3) have repeatedly stressed the importance of studying the influence of both biotic and abiotic factors on the response of microorganisms to pollutants. Environmental factors such as pH, redox potential, the ionic composition of the water phase, presence and type of clay minerals, and occurrence of hydrous metal oxides and organic matter all influence the chemical speciation and solubility, which in turn affect the toxicity of pollutants to the microbiota (2).
The nutritional state of an organism can influence its sensitivity to metals. Metals taken up by an energy-dependent transport system may accumulate more rapidly at high concentrations of energy sources. Energy-dependent Zn transport by Escherichia coli has been demonstrated (4) , and it was shown that the viability of cells was reduced to 50% when glucose was added to cells in a buffer containing 10-5 M Zn (pH 6.6). It was suggested that glucose stimulated Zn uptake, which resulted in Zn concentrations in the cell that reached toxic levels. However, in a study with Klebsiella aerogenes, Pickett and Dean (15) showed that glucoselimited organisms are more sensitive to Cd and Zn than are organisms grown at high glucose concentrations. The contradictory results can be explained if K. aerogenes does not have an active transport system for Zn, contrary to the case for E. coli. Another explanation could be the existence of a system for excreting Cd and Zn in the Klebsiella sp. studied that only operates when the organism is not limited. The existence of mechanisms for metal excretion has been shown for Staphylococcus aureus (21) . organic C concentrations ranging from 0.1 to 70 mg liter-', of which a considerable part is resistant to bacterial attack. The concentrations of available energy sources in soil are very difficult to assess, since soil is a complicated threephase system with large spatial and temporal variations in nutrient concentrations as well as other environmental conditions. It seems clear, however, that most soil bacteria are subjected to various degrees of nutrient stress (22) .
This study was done to determine the toxicity of Cd, Cu, Hg, and Zn to citrate-degrading bacteria. The information was needed in a project in which the microbial degradation of Cd-, Cu-, Hg-, and Zn-citrate complexes at naturally occurring low C concentrations (10 to 100 ,ug liter-') was studied. As we found few reports in which the effect of the metabolic state of an organism on its metal sensitivity was discussed, the aim of this work was to study the toxicity of Cd, Cu, Hg, and Zn for a Klebsiella sp. at different C concentrations.
MATERIALS AND METHODS
Isolation of bacteria. Raw sewage, collected in the Nykvarn sewage treatment plant (Linkoping, southern Sweden), was filtered through Whatman no. 1 F and no. 12 OH filter papers (Whatman, Inc., Clifton, N.J.), and then through a 5-pum-pore-size membrane filter (Millipore Corp., Bedford, Mass.). The filtrate was centrifuged (6, Experimental procedure. In order to avoid interference from constituents in the medium, i.e., organic and inorganic ions reacting chemically with the metals studied, great care was taken in devising the medium used in the toxicity studies. Metal-complexing agents, such as citrate, were omitted from the medium, and the concentrations of essential inorganic ions were kept as low as possible. The toxicity tests were performed by measuring the degradation of 14C-labeled glucose in 125-ml Erlenmeyer flasks (polypropylene), as described by Madsen and Alexander (11) . All glassware and polypropylene containers were cleaned by soaking them in HNO3-H20 (1:3) overnight and then rinsing them 6 times in reagent-grade water. Reagent-grade water was used in all solutions that were prepared. Inorganic nutrients were added to the medium to obtain the following elemental ratios (wt/wt), as described by Madsen and Alexander ( Table 1 .
Mg, 50; C/Fe, 125; C/Mn, 100; C/Cu, 1,000; C/Zn, 1,000; C/ Co, 1,000; C/Mo, 1,000.
The metals studied (Cd, Cu, Hg, and Zn) were added as chloride salts to give the desired concentrations. Experiments were performed with glucose concentrations at 0.01 to 40 mg of C liter-'. Only the amounts of N, P, and S were changed at C concentrations exceeding 0.1 mg liter-1, as certain of the nutrients might otherwise interfere with the action of the metals studied. The addition of small amounts of Cu and Zn to the medium did not affect the much higher concentrations of the same metals during the toxicity tests. The ionic strength of the medium was adjusted to 0.1 M by the addition of KCl. The medium was then adjusted to pH 6.05 by the addition of 0.1 M HCl or KOH, and 60-ml portions were placed in polypropylene flasks. The flasks were autoclaved (120°C, 30 min). According to Madsen and Alexander (11) , the pH of the media would fall to 6.00 as the result of autoclaving. Glucose was autoclaved seperately and added aseptically. The glucose solutions contained radioactive glucose, to yield a final radioactivity of 2,000 to (Fig. 1) . Of the initial C, 78% 40 remained in the medium, of which 4% was cell bound (Table  1) (Fig. 1) . At 10-2 M Cd, 46% of the initial C was mineralized, but the C assimilation was as low as 5% (Table 1) . A similar effect was found at 10-2 M Zn, when 37% of the initial C was degraded, whereas the assimilation of C in the cells was only 3% (Table 1) . A slight effect on the assimilation of C was also detected at 0-3 M Zn, whereas the respiration was not affected (Fig. 1) . Metal toxicity at different carbon concentrations. The C concentration had a considerable effect on the toxicity of Cd, Zn, and Cu to Klebsiella sp. These metals showed increased toxicity at higher C levels. At 10-5 M Cu, toxicity was observed when the C concentration was 10 and 40 mg liter-', 'While at 0.1 and 1.0 mg liter-' no toxicity was detected at the same Cu concentration (Fig. 2a) . At 10 and 40 mg of C liter-1, the C assimilation was less than 1% of the initial C, whereas the C assimilation was 16% at 1 mg of C liter-' (Table 1) . When the C concentration was 10 to 40 mg liter-1, glucose degradation was totally inhibited at 10-3 M Cd (Fig. 2b) . Increasing the C concentration from 1 to 10 mg liter-' lowered the C assimilation from 29 to 1% (Table 1 ).
The bacteria were sensitive to 10-3 M Zn at C concentrations of 10 and 40 mg liter-' (Fig. 2c) . At a concentration of 1 mg of C liter-1, some effect could be seen, since only 29% of the initial C was mineralized and the assimilation of C was 4% (Table 1 ). At 0.1 mg of C liter-1, no effect on glucose degradation could be observed, whereas the assimilation of C was low (9%) compared with the control value (24%). The toxicity of Hg seemed to be independent of C concentrations. Mercury was toxic at 10-6 M at all C concentrations studied (Table 1) .
DISCUSSION
The Klebsiella sp. showed a great variance in tolerance toward the different metals studied. At a C concentration of 0.01 mg liter-', the toxic effects of Cd and Zn were not detected until the concentration reached 10-2 M (Fig. 1) . When the C concentration was increased to 10 mg liter-', the toxic action was expressed at iO-3 M for Cd and Zn (Fig.  2b and c) . This seems to be a rather high tolerance compared with those obtained in other studies. Bacteria possessing a normal Cd and Zn sensitivity have been reported to be inhibited by a concentration of 10-5 to 10-4 M Cd and Zn (9, 10, 16, 20) . Our strain of Klebsiella was as sensitive to Cu and Hg (Fig. 1) as that observed in other studies (8, 23) .
It is important to consider the pH of the medium when evaluating toxicity data, since pH can have a considerable effect on the speciation and thus the toxicity of heavy metals (1). At pH 8 and below, in a pure aqueous system, cadmium exists predominantly as the free, divalent ion (Cd2 ), although the formation of CdOH+ begins at pH 7.5 (1). Thus, at pH 6.0 all of the Cd would be in the form of Cd2 . A considerable part of Zn would hydrolyze and even precipitate as Zn(OH)2 (at a high total Zn concentration) already at a pH above 5.0 (5). Copper exists predominantly as Cu2+ at the pH used in this study. Mercury as Hg(II) hydrolyzes at a pH above 2, with Hg(OH)2 being the final species in the absence of chloride (7) . In a 0.1 M Cl-medium, like the one used in this study, HgCI2 would dominate.
The medium composition is also important when detecting the sensitivity of bacteria to metals. Mg-limited organisms have been reported to be particularly resistant to Cd and Zn (15) . The medium used in this study had a very low Mg concentration (10-5 M (14) . The penicillinase plasmids of S. aureus have also been shown to carry genes for resistance to certain metals (5) .
A striking feature of these results is the marked increase in inhibitory action of Cd, Zn, and Cu seen when the C concentration was raised from 0.01 to 10 mg liter-', whereas no such effect could be seen with Hg (Fig. 2a to c and Table  1 ). In general, the metals needed for growth seem to be takeh up into the cells by specific transport systems. Metabolism may thus be required for the movement of ions in both directions, but there would not be a special transport system for toxic ions (17) . The lack of an Hg-specific uptake system would explain why Hg was not more toxic at higher concentrations of glucose. Copper and zinc are micronutrients that are essential for the bacteria as constituents of special enzymes (18) , and specific uptake systems would therefore be expected. This could be reflected in the increased inhibitory effect of Cu and Zn at higher C concentrations.
Cadmium is a toxic metal with no known biological function. Accordingly, one would not assume that organisms have specific Cd uptake systems. Our results showed an increased Cd toxicity at higher C concentrations (Fig. 2b) . This is contradictory to what was described above. One explanation could be that Cd is taken up by an energy-driven system specific for another, essential metal. Although highly specific for Mg, other metals such as Co, Mn, Ni, Fe, and Zn have been reported to inhibit its accumulation by the transport system (17) . Manganese transport was specifically inhibited by Cd in sensitive, but not in resistant, strains of S. aureus (17) . Tynecka et al. (21) showed that Cd is taken up by S. aureus via an energy-dependent Mn transport system.
In conclusion, results of our study showed that the nutritional state of an organism may have a profound effect on its sensitivity to metals. The toxicity of metals taken up by an energy-driven transport system may be lower under conditions of C starvation. This points to the importance of extrapolating results from laboratory toxicity studies to natural environments with great care. ACKNOWLEDGMENT 
